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ABsTRAcr

TIM strain hardening WOpertka of various f.c.c. metala have been irnmtfgated at huge
istmina by means of toraton teata of shoti *Atn-walled cylinders. ‘l%ereaulta show that
S~e W~hti~_~t[i lmm*t*ta~mtw *ud:t*auw&
constant hardening rate of 2.10-4 G tn term of resolved flow atreas. S e IV etmln
hardentng has been modeled by considering the effects of accumulation 2 dlalocation
debris, such aa dipoles arxi Ioopa,on the “aaturaUon”atreas. ‘The“satumtton”stmaa that can

be obtained by extrapolation d S e XXI@now a ltmitlng flow streaa that slowly increaaea
with the accumulation of debrla % e model repnxhxea the 8harp tranaMon fm StageIII
to S~e IV that occurs ex@rnentally at - tempemturea and. f= ● reasonable choke of
pammeteru, the rate dhardq in Stage IV.

IIVX’R)DUC’HON

Anirlve
%

Uon was made of the strain hardening properttea of f.c.c. meta& at
8trwna. i8H!lgioa dthe94rwa”s&aln curveta Comrno

3
1%Irnmunwstag eIvafter :

cladkation introduced by Dtahl (19SS). The -e ckmtaMc4ithtast etn
%olk~ep--~atiat da~--~nbthtieti~

knwtmln behavta. ‘ibe claeacobaervatlonwasthat of Lan@ordand Cohen (1969) for
wire-drawn tronbut abetter approachb thatdthe toraton teataaahown bylfwacaand
Fellham (19S9) for War, W tw-phaae rnatertah the harde~ rate ●ppeamto lm reaae
during Stage IV instead of rwnatntng constant, ●s shown ochematkally in Fig: J,
mperiment.ddatafw over=agedW4CU ad the w&edrawin# data d W (19$S).

?support this view. Shqle-pLaae materials behave d~eren~ Stage IV occum in all .e.c:
metaln, rovtded that ● km enough teat temperature to wed, and the h

&
-“”%#”’w’ “ ~’~~””-~=yt:~~~nyidd M6&(l ) fmmaed on such features of arge+traln deformation as the

c@aBo@aphk textures ●nd macxwcoptc hetm@nelWa tn plaatk

%ie&Y&!iEY%dlP(l%l!6
unctn of Iuge-atratn plaatkity but not the cauae d suatahied

), ‘fhta paper dembea expdmental data for atngle phaae
alloya together wtth awdela for atn@e- and two-phase matertala.

7WWonal tor@en teds uoed aolkl bam whkh lead to probkma of tnteqwetatlon becauae of
the non-uniform drain inherenttn the spedrnen design, The expe-nta demlbed hen



used the I&dholm (19$0) spectmen. which la a short thtn-walled tube that permtts the
assumptbn of unlfonn stratn and stress over the gauge section. ‘Ilte speclrnen is a&o stable
to large strains because of the constraint of the relatively masstvc grtp ends.
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Diagram of hardening FIII.2.
nate-vemus stress for-
two-phase alloys, showing
rising hardening rate in
Stage IV.
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Hardening rate versus
stress for%nwer-aged
~-4w/O Cu and lWfiOUS Cu
id]oys, Bevk (lfH3).

Compaxing the results for alumlnum, copper and stker, Fig. 4, shows that Stage IVoccurs at
approximately the same rate for a wide range of stacking fault energy (SF13 to modulus (G)
ratios. ‘l%eplot was produced by taking the slope of the stress-stralm curve and d!vtdlng by
the appropriate ‘Ihylorfactor (1.S5 for torsio~ Rolktt, 19S7) and shear modulus. ‘IWsputs
the data tn terms of sltp on a Wgle slip plane and brtngs Wfereni matertals onto
appraxirnately the same scale.

Fig,3,
G

Diagram of hardcntng rate

T’ ‘
●

~US ~SS for atr#le.phase
alloys, showing bw and
constant harder@ rate tn
stage Iv.

Ftg. 4. Harde~ rate versus
stress in renolved quantlttes
forAl (77 m, Cu (29S K)arxi
4 (2$s IQ.



The effect of tempemtum on Stage IV was investigated by perform.lng torsion tests at 77K,
296K 373K and 473K Figures 5 and 6 show the results for a commercial purtty alurnlnum
and a Al- l%Mg alloy. respectively. The canmercia.1 purity alumlnum only shows a dlstlnct
Stage IV at the Imvc9t temperature although the room temperature behavior suggests that a
residual Stage W ta sttll present. The Al- lMg alloy, however. shows a clear Stage IV at all
temperatures except the htghest, both w terms of a sharp transition from III to IV and an
extended linear hardening. The flow stresses reached in the alloy are much higher at large
str@M than those for the corresponding temperatures in the commercial purity material.
Thts shows that small dlfTerences III yteld strength caused by solute hardening are
magnified by stratn hardentng. Another important olmavation ts that the mte of
hardening in Stage IV is similar in ail alloys, which is in agreement wtth previous work
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The efk!ct of stm!n rateon ~ hardening waa lnvcstlgated by performing torsion teats at
difkrent constant strain rates at various temperatures (RoIlett, 19s7). Stage IV hi
~wq~ma-~. Fig. 7. appears to be Ilttk atWted by
strain rates that vaxy mwr four orders of nmgnltude. This suggests that the st.min mte
xnsiUVIty d Stage IV la comparable to that at smaller strains and tests at other
temperatures and on other mattx@la suggest the same conclusion. An ~tton to this,
however, occurs when the test temperature is high enough for bulk dJffuslon to be
==~~awd at 473K Stage IVts absent at stmin rate &4. 10-3 but present

~ (1972) have noted that at this tempemtum and above,
dlal&i& bps mcwer rapidlyl

MOJXIS FOR SIWE IV

Again we dlstlngulsh two-phase materials from single-phase materials in constructing
models for strain hardening in Stage IV. The experimental difYeremx is between a rising
hardening rate as observed in two-phase rnaterlals and a constant (or decreasing) hardening
rate as seen for atngle-phase materfals.

lWo-phase behavior has been modeled on the basis of a Hall-?ctch andyats (Ernbury and
Fisher. 19S$) and by considering the efkcts of compatibility strains at the interfaces
between the phases (Courtney and Funkenbusch, 19S5). TMs leads to an exponential
variation of stress wtth strain at large strains. The same relation can also be obtatned by
-W the spacing d the second phase particlea as determining the mean fhe path length
of dislocations at @e strains such that

~/& =kcfl (1)

where p la the dislocation density, k h ● constant containing the g~try of the storage
proeeaaand dt8theapadng of theaecond-phaae part;*des. Tliiarelatk mtsandqpustothat
used to eaMnate the ~ rate tn Stage U (Koc’~ 19S4). Wing the atadard relation
between &w atmaa and didocatton denalty, asMaGbdp, and aasuxr‘ng that fa the eaae of
terWcmthat the ~xmd-phaae parucle ~ wtll @ as d~-e/2j.

a=@(MaGt#k do%xp(e/2)+N (3)

where A ~ a amtarit of integration. Setting B=2@bGb)2 k do”1 and dtfiercntta~,

eWckRB eJrp(e/2)/ ~lA+B eKPW2)l (4)

tnthe UmttaflasgeatrainBe@e/2)>>Aand

CkY/ck=u/4 (5)

TIM maults in a hardeq mte that hwreaaeawith ~ ●s observed experlrnentatly.
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‘l’he model for Stage IV presented here IS based on the generally obsaved fact that plasW!
stratning at low temperatures kads to the accumulation of dislocation debris such as
dipdesandkmpa (Fourteand Murpt@. tnaddtUontothe diakxsm monopohawhkh arc
usually amanged mtangks or cell walls. Tlieaccumulation ddtpolardebris may occuras
&&ti=;~ aml lt may occur as part of the dlslocati mmm@mwnts due to

owever, the rate d dislocation rearmngement (nstde the tangles or
loose cell walls x&y well be af.kted by the debris left there as a consequence d previous
~ m=== Thise&ctisthebasiadourmodeL

The mechaniam of dynamk recovery has been discussed in detail by Koch (1964). The
W&la&lwJ~Jwere orlgtnally formed by statiatkal storage of mobile dialocattons, have

~ wtthln them that kad to rearrangement or even amihllation of
~eqpentsln tMam#Oakthus ~u*tm&o~*W@e *a*wall.
~emted~z _ontiemMW _t*d*Mdti~ad
local resistance, such ss the breaktng strength of attractive junctions as modified by
thermal activation. The latter quantity has the effect of a “saturatkm dress”: when the ttil
local stress is equal to it, no further net accumulation can occur. It is We “sa:uratton
stress” (defined in the monopole structure) which maybe affected by local dtslocaUon debris
accumulation.

A useful starUng point for a
Stage III,

e= Q)(1 - f/&~)

where 0 ts *&ehardentng rate,

quantitdlve model la the Vote description of hardening tn

(6)

SO is the hardening from geometxM storage d diahxxtlona
OfOCks.1964. t is theresolvedfluwstms and 1,1 is the saturatkm stress that would be
obtained by extmpolating low-atnain data to ● zeroworkharden#q rote. ‘IIMsecond term
deecribea the efkt of dynamic recovery whereby dlslocatkm Une length @ lost from the
stored dislocation structure. K this process is not perfectly ef!kient but kada to the
formaUon of dipoles and loops then the ammmlatlon mtc fbr such debrts can be wrlttcn as

wdy= fb (’T/@(dK/Cm m

whem~ti~au~fmthe~titi~. ‘l’he~foisdthemder
ofo.07 (ROlktt, Iwn baaed on amddexatkm ofdlpdP capture indiabattOa tal@aS.7be
~*m@@D~tif~ QWKtit We~~~~M~a~

c
uctofdynanMc mcW'axyMectathe"eatuMOn"straasbutdoeanotd&ect& akcttbe
@IWa.’llM utaans that the flowatl’eaa kltbe~oow~inmaaea

aadebrts*&pOaMcL ‘1’hsooncepthae -aapectthat at b@lenoughteWpesatWes,
such debris should ~rapfdly enoqh(Wllett. 1987) that& annotaUect theatreaao
h~Stage IVahouMdtsappear, astndeed@~. ~theMnltlng@strwatn
thetan@eaaa

%=a~*+~ (8)

whkhcan bed@’enUatedtog!ve

~~ =0.15aGb~+~~s (9)

~~wdY=&MddxisxWetxtB/dYtha

d@y.f ~ x +/%a (lo)

but tn Stage IV,the fiuwstms is needy equal to the h@tlng ~ ~. ‘IWrefom

dr@pf@ (11)



rhh~th,ts tagclvwfultnt~ Wal’udrcumn ClmdarM ato.mdthtsqcil

workhArcknLng mtem3.10_4dthe ahcarmdti ?llh*tn rcasmabktiwtlhthc
qmImaMd dmcrWkmdStagcrVat 2.104 dthcat-ttdulua.

Cordcwsfaw

Stagcrv hfoumjtoaxur unhmdly lncubktmta.hatkm cmughtanpemturm and the
IMldcmq ratehty’phmydx?ut 2.1tPGtl rWck!dqlMrLUties whk2h hlllxbutsuflmmt
tonmcmtflcmdren s@Mhnt@ aftcrtmgc8bmJrm. Amaklhas becndcvebpd for
@*~tiatmtim~e emmuulatkm d dtakxatkm dcbti ti~ the
cfktivc~turaucm~dt hetnaterial bph&~a.l.m shcm SQge IVbut the
ha.ldenkq bebvbf tswkrelltardthcyca.nbc rmxiekd onthebasis dtheclidmxb
Imankepw.hbi .l—gcxmbdk! bythcspad.n gdthc~phase.
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